Abstract. Data from the Imaging Riometer for Ionospheric Studies (IRIS) at Kilpisjärvi, Finland, have been compiled to form statistics of auroral absorption based on seven years of observations. In a previous study a linear relationship between the logarithm of the absorption and the K p index provided a link between the observations of precipitation with the level of geomagnetic activity. A better fit to the absorption data is found in the form of a quadratic in K p for eight magnetic local time sectors. Past statistical investigations of absorption have hinted at the possibility of using the solar wind velocity as a proxy for the auroral absorption, although the lack of available satellite data made such an investigation difficult. Here we employ data from the solar wind monitors, WIND and ACE, and derive a linear relationship between the solar wind velocity and the cosmic noise absorption at IRIS for the same eight magnetic local time sectors. As far as the authors are aware this is the first time that in situ measurements of the solar wind velocity have been used to create a direct link with absorption on a statistical basis. The results are promising although, it is clear that some other factor is necessary in providing reliable absorption predictions. Due to the substorm related nature of auroral absorption, this is likely formed by the recent time history of the geomagnetic activity, or by some other indicator of the energy stored within the magnetotail. For example, a dependence on the southward IMF (interplanetary magnetic field) is demonstrated with absorption increasing with successive decreases in B z ; a northward IMF appears to have little effect and neither does the eastward component, B y .
Introduction
Understanding the variation of High Frequency (HF) radio absorption in the auroral zone is of great importance for determining HF radio propagation conditions. Linking the absorption to parameters measured in real time, such as the solar wind velocity or interplanetary magnetic field (IMF) orientation, can lead to improved prediction models. Many workers have performed statistical studies of riometer absorption in the past (e.g. Holt et al., 1961; Hartz et al., 1963; Driatsky, 1966; Hargreaves and Cowley, 1967) and the results tend to confirm a diurnal variation in the absorption pattern. Differences have arisen depending on the method of compiling the statistics (Hargreaves, 1969) ; by sampling absorption at regular intervals a maximum in the morning sector is emphasized, whereas through identification of discrete events a peak before magnetic midnight is highlighted. Absorption sampled at too low a frequency will also deemphasise the midnight peak. Similarly, different parameters have been chosen to reproduce the morphology of the absorption oval; these include the mean and median of the distributions and the occurrence of absorption above a threshold level (e.g. 1 dB at a given riometer frequency) (Hargreaves, 1966; Hargreaves and Cowley, 1967; Foppiano and Bradley, 1985) .
Identification of the occurrence of absorption has led to the development of prediction models (e.g. Foppiano and Bradley, 1983 and 1984) that depend both on MLT (magnetic local time) and the level of geomagnetic activity. Hargreaves (1966) examined quantitive relationships between observed absorption and the K p and A p geomagnetic indices, and used the limited available data to link the energy deposition to the solar wind speed. This highlighted the dependence of absorption on the solar wind speed, demonstrating an important effect in the coupling of interplanetary space phenomena to the ionosphere.
In recent years regular monitoring of the solar wind conditions has become available from the ACE (Advanced Composition Explorer) spacecraft situated at the L1 point. An upstream vantage point such as this results in early warnings of possible conditions at Earth from ten minutes to over an hour before, depending on the solar wind speed. In this study we use the in situ solar wind observations to consider the link between cosmic noise absorption (CNA) and variations in the solar wind velocity and IMF orientation. The dependence of CNA on K p is investigated with a new data set of seven years worth of narrow beam riometer observations. An improvement over previous relationships is found, although the variation of absorption within a three-hour interval limits the use of such a relationship. As far as the authors are aware, for the first time direct satellite measurements are used to determine an empirical relationship between the absorption and solar wind velocity. There is also a an unexpected general increase in CNA during southward IMF conditions.
Instrumentation
The Imaging Riometer for Ionospheric Studies (IRIS) at Kilpisjärvi, Finland (69.05 • N, 20.79 • E), began operations in September 1994, (Browne et al., 1995) , based on a concept introduced by the University of Maryland (Detrick and Rosenberg, 1990 ) of using a single phased array to generate imaging beams. Consisting of an array of 64 dipoles, the instrument produces 49 beams at various angles to the zenith ( Fig. 1) , as well as a single wide beam. Beam widths in the D-layer are of the order of 20 km wide near the zenith, becoming progressively wider with decreasing elevation angle. All of the beams are sampled every second, although in the following study the data are at averages greater than or equal to 10 min. For this study the zenithal beam has been used to provide data; the centre of this beam lies at 66.06 • magnetic latitude and 104.32 • magnetic longitude (altitude adjusted corrected geomagnetic coordinate system (Baker and Wing, 1989) ) in a plane at 90 km altitude. The position has been calculated for 1998 using the IGRF-2000 (International Geomagnetic Reference Field) model. Data from the zenithal beam of the imaging riometer has an advantage over wide beam riometers in that the integrated absorption is from a significantly smaller portion of the sky (compare 12.6 • beam width with >60 • ) and thus giving a truer measure of the vertical absorption.
Data from both the ACE (1998-2001) (McComas et al., 1998; Smith et al., 1998 ) and WIND (1995 (Lepping et al., 1995; Ogilivie et al., 1995) spacecraft have been used to provide measurements of the solar wind and interplanetary magnetic field. ACE was positioned at the first Lagrangian point (L1), whereas WIND was performing a more complicated orbit. A simple method of dividing the bowshock-spacecraft distance (in the GSM X-direction) by the solar wind velocity to determine the delay time to the ionosphere has been employed due to the large quantity of data. From the bowshock (considered to be at 15 R E ) a further 5 min is added to account for the propagation time to the magnetopause and transmission into the magnetosphere. Occasions when high-speed streams overlap with slower solar wind have been removed from the data set rather than attempting to compute the complicated interactions.
Observations
IRIS data have been taken from the epoch 1995 to 2001 inclusive, providing a maximum of 2557 days with 144 data points (10-min. averages) in each. In practice data is lost due to maintenance time and hardware failures, accounting for less than 1% of the epoch. The most significant loss of data is due to contamination from solar radio emission (SRE) at 38.2 MHz; this increases the received signal in the riometer above the cosmic radio noise level. The absorption is calculated by subtracting the received power from the quiet day curve (QDC), representing the received cosmic noise power on a day when there are no contributions to absorption from particle precipitation. A percentile method (Browne et al., 1995) is used based on a minimum of 14 days of data to generate QDC for IRIS, though this has been refined to work at higher resolutions and to remove the effects of SRE from the QDC. For periods when the received power is boosted above the quiet day level negative absorption values are calculated which are unrealistic. To combat the effects of this phenomenon data have been removed when absorption is <−0.2 dB in any beam; a level of −0.2 dB is implemented to account for uncertainties in the quiet day curves. (epoch 1995-2001) . Note the diurnal variation with the morning maximum followed by a minimum close to dusk. The two dashed lines indicate the upper and lower quartiles of the distributions behind each time point; the interquartile range is much larger at the maximum than the minimum.
dashed lines represent the upper and lower quartiles of the distributions. A distinct diurnal variation is immediately apparent with a peak in the pre-noon sector (09:00-10:00 MLT) and a deep minimum in the afternoon, close to dusk. The interquartile range is significantly higher at the maximum, with an increase in the upper quartile, indicative of a larger occurrence of higher absorption.
The values depicted in Fig. 2 represent the whole span of data; however, we are interested in understanding how that diurnal variation changes with geomagnetic activity. By considering the distribution of absorption at each level of K p , information on the dependence of absorption on geomagnetic activity can be discerned. Figure 3 is composed of eight images displaying absorption against K p for each local time interval. Occurrence is colour coded as a percentage of the total number of points in each time sector, with red being the highest (4.5%) and black indicating zero; percentages are plotted to 0.1% accuracy. The white lines show the mean of the distribution across the K p bins in each time sector. Absorption has been sorted into 0.1 dB bins and the data are plotted from 0.1 to 2 dB, since all absorption higher than this falls well below the 0.1% occurrence level. In every case the highest percentage is at the low K p values and close to 0 dB; negative values make up less than 4% of the total number of points at each local time. The 00:00-03:00 MLT plot indicates a tilt in the data to higher absorption at higher K p , but the absorption is lower than 0.7 dB. By 03:00-06:00 MLT the absorption has extended to 1 dB at the top end of the K p range, though the majority of absorption is within 0 to 0.4 dB. Absorption levels continue to increase until 09:00-12:00 MLT, when a maximum of 1.7 dB at the 0.1% level is recorded. This occurs at K p =5 − , and the spread of K p values at 0.5 dB has also in- creased. From the 12:00-15:00 MLT time range the peak absorption begins to shrink, but at 0.5 dB there is a broad spread of K p values represented (1 − to 6 − ). At 15:00-18:00 MLT the majority of absorption is below 0.5 dB, but by 21:00-24:00 MLT there is a recovery in the expansion of the distribution. So with each successive time step from 00:00 MLT the distribution extends to increasing absorption until 09:00-12:00 MLT. After this the peak absorption recedes such that by 18:00-21:00 MLT the absorption is restricted to 0.5 dB across the range of K p . The absorption displays the greatest dynamic range at 09:00-12:00 MLT, and is most restricted at 18:00-21:00 MLT. The plotted mean values clearly show the diurnal variation, particularly in the range 1+<K P <5 − . Above this range the number of data points drops such that the mean varies significantly with successive K p bins instead of the smooth progression observed below K P =5 − . The minimum around 15:00-18:00 MLT or 18:00-21:00 MLT is demonstrated as a vertical straight line with little increase at higher K p .
Observations from ACE and WIND enable comparisons of cosmic noise absorption with solar wind parameters. In particular the solar wind velocity (V SW ) is recognised as an important factor in controlling geomagnetic activity (e.g. Snyder et al., 1963) . Figure 4 repeats the format of Fig. 3 with the absorption binned over local time ranges (indicated on each plot with the number of data points) for solar wind speed steps of 50 km/s. The occurrence ranges from 0.01 to 10% on a logarithmic colour scale. At each time interval the highest occurrence is for low V SW and CNA <0.5 dB (down to the 1% occurrence level). With each successive time step the occurrence increases to higher values of CNA at higher V SW ; for example post dawn (06:00-09:00 MLT) the CNA at the 0.03% level has surpassed 2 dB. In the next time interval the lowest plotted occurrence of CNA is >1 dB for V SW =300 km/s. After midday (12:00-15:00 MLT) the absorption distribution recedes, continuing this trend into the late afternoon (16:00-18:00 MLT) where most of the absorption is confined within 1.1 dB at all solar wind speeds. Post dusk, the distribution has shrunk to the lowest level with the absorption at the lowest identifiable occurrence never exceeding the 1-dB mark. This is followed by a recovery as midnight approaches with a broader distribution at ∼600 km/s, peaking at 1.7 dB. So far the dependence of energetic particle precipitation (with auroral cosmic noise absorption acting as a proxy) on geomagnetic activity and solar wind speed has been presented. The interplanetary magnetic field also leads to changes in the geomagnetic activity and particle precipitation in the ionosphere. The absorption data for 1995 to 2001 are now sorted by IMF (B z , B y ) clock angle quadrant; Fig. 5 (top panel) displays four absorption curves resulting from this binning, with each showing the variation of the mean absorption with magnetic local time. Those curves for northward IMF (east is blue and west is green) show very similar variations, with the familiar diurnal variation. For the western values there is a slight increase in the absorption around midnight over the eastern counterpart, leading to an apparent earlier increase in the high morning values. The usual minimum is still in the evening sector (≈18:00 to 20:00 MLT).
For the southward-directed IMF; red and cyan indicate eastward and westward directions of the B y component respectively. Large rises in absorption levels over the northward IMF are evident. Absorption greater than 0.2 dB begins around midnight and stretches into the morning sector, increasing to a plateau of ≈0.3 dB at 06:30 MLT. Following the usual rapid drop in the afternoon sector, the absorption reaches a minimum of ∼0.1 dB in both cases at about 19:00 MLT. The bottom panel demonstrates the inter-quartile range of each of the distributions behind the four curves; these show the same general trend as the mean values and highlight that in the morning there is a greater range in the distribution than in the afternoon/evening. 6 . Log of the mean (blue crosses) and median (red circles) values of absorption in each K p bin plotted against the corresponding K p . The two straight lines are linear fits to the data and the dashed black curves represent the log of ±1 standard deviation about the mean. K p bins that contain less than 50 data points have been excluded from contributing to the curve fitting.
Discussion

Diurnal variation
The local time dependence of absorption is a well-known phenomenon (e.g. Hartz et al., 1963) . Previous studies found that the strongest absorption occurs in the morning sector extending back towards midnight and slightly beyond. Investigations by Driatsky (1966) and Hargreaves and Cowley (1967) demonstrated that the absorption close to midnight showed a peak rather than the smooth decay into the evening sector indicated by other studies. The relative size and appearance of the maxima (pre-noon and pre-midnight) depends on the method by which the statistics are compiled (Hargreaves, 1969) . Absorption in the pre-midnight sector is attributed to the precipitation of electrons directly associated with substorm activity (e.g. Ansari, 1964; Ranta et al., 1981) , and the precipitation in the morning sector has often been associated with the eastward drift of electrons (Kavanagh et al., 2002 and references therein) following substorm injection. Thus, it is the absorption around midnight that is considered to be of premier geophysical importance, however, for practical purposes (e.g. HF communication circuits) the morning values are also of interest. Since the current study uses 10-min resolution data to determine the mean values at each magnetic local time, it is less sensitive to the short duration (≈1-5 min) spikes, thus de-emphasizing the midnight peak. Figure 2 clearly demonstrates the diurnal variation observed in the central beam of IRIS; a strong morning peak following a smooth rise from the pre-midnight sector. Gross features in the distributions should correlate well between individual studies, however, any comparisons between the different statistical studies must take into account the method by which the data were collected.
Geomagnetic control
Magnetospheric influence on auroral absorption was established in the early days of riometry (e.g. Parthasarathy and Reid, 1967) . Figure 3 shows how with increasing MLT the distribution spreads to higher absorption values at lower K p until the afternoon when a recovery occurs. A relationship linking geomagnetic activity with absorption for a given local time and latitude is desirable for prediction purposes. Past authors have attempted to predict auroral radio absorption based upon statistical measurements (e.g. Agy, 1972; Herman and Vargas-Villa, 1972; Foppiano, 1975; Vondrak et al., 1978 and Foppiano and Bradley, 1984) , including terms based upon sunspot number, linking the absorption to the solar activity cycle. Hargreaves (1966) determined relationships between the absorption and the K p and A p indices, and later works (Hargreaves et al., 1985 (Hargreaves et al., , 1987 confirmed this reliance on geomagnetic activity, suggesting that a geomagnetic term should replace the sunspot dependence in any prediction model. The investigation by Hargreaves suggested a linear relationship between the log of the median auroral absorption and K p that was dependent on the time of day:
Hargreaves used data from three riometers in the North- For this study magnetic local time (MLT) bins have been used rather than UT. This makes future comparisons with data from other stations at different locations much simpler, and since absorption is related to substorm activity MLT dependence is more likely than UT dependence. As shown in Fig. 3 eight bands of magnetic local time have been chosen to bin the data, corresponding to those intervals over which K p is calculated. This demonstrated that there is a changing distribution in the absorption at different levels of K p in each magnetic local time, with the scatter of absorption occupying different ranges. Higher absorption is more likely at some magnetic local times for a given K p than at other intervals. Figure 6 plots the logarithm of the median and mean absorption values for each K p level for each MLT interval. The two colour-coded lines display linear fits to the data for the mean (blue) and median (red) values, and the corresponding coefficients are presented in Table 1 . For K p levels when less than 50 data points occur in each local time bin, the mean and median values are excluded from the fit. On either side of the mean values, the two dashed black lines show the positions of one standard deviation from the mean value; these give an indication of the spread of the data in each of the bins. The differences between the curves in successive time bins suggest that the local time dependence is very significant and so using large temporal ranges (e.g. 6 h) is inadvisable. When compared with the results of the investigation by Hargreaves (1966) the gradients of the fit appear reasonable (see Table 2 ). IRIS is positioned at a latitude between two of the riometers used in the previous study, tending towards the north end of the separation and the gradients (when combined over 6 h) tend towards the northernmost values. Interestingly, the point where the values are markedly different is when the riometers pass through the minimum in the diurnal variation. The earlier study used a time bin (18:00-24:00 UT) that spans the rapid decline to, and slow rise from, the minimum (13:00-19:00 MLT). By weighting the latter half of the time period more than the former, in combining the three-hour bins of the present study, the gradients come into agreement. The dominance of the minimum is unsurprising considering the small effect that geomagnetic activity has on this recurring phenomenon, and it is a clear example of how careful selection of temporal bins is essential to avoid smearing across very different characteristics.
In order to test the accuracy of the fit the empirical equations for the eight time sectors are applied to the K p data from 1995 to 2001. Correlation coefficients are determined for the observed and estimated absorption for both the mean (r=0.39) and median (r=0.36) cases, and the residuals are also computed. The means of the residuals are both close to zero, with the median absorption lying closer (−0.002 dB) than the mean (−0.017 dB). However, the standard deviations of the residuals in both cases demonstrate a wide variability between the observed and calculated CNA (0.238 dB (mean) and 0.263 dB (median)). At times the estimated absorption is >1.7 times the observed value; for an observation of 0.5 dB this produces an error of 0.3 dB at 38.2 MHz. For lower frequencies the error becomes much greater (absorption is approximately inversely proportional to the square of the observing frequency). Restricting the comparison to those data that contribute to determining the empirical equations further tests the correlation. For the range of data represented by the well-defined mean and median values (>50 points in each bin), the correlation is much improved and the spread of the residuals reduces (s.d. ≈0.16 in both cases), suggesting a better representation. The correlation coefficient is still only 0.53, and more observations during periods of high activity should lead to a better fit of the data; however, it should be considered that the variability of absorption in the K p bins suggests that the statistical mean and median are poor predictors of auroral absorption. The dynamic range of the absorption distribution with K p that is demonstrated in Fig. 3 has already been mentioned, and this can be seen in the plots of Fig. 6 as well. To address the uncertainty associated with the logarithmic relationship of the absorption, a different empirical relationship is now suggested; a quadratic is fitted to the K p :
where a, b and c are constants listed in Table 3 for both the mean and median absorption. Figure 7 displays the local time results of this fit to the data with good results over the range of available data. The black dashed lines are the ±1 standard deviation from the mean for each K p bin. 15:00-18:00 MLT is at the minimum in the diurnal variation, and the range of absorption values hardly increases as the activity level rises where the distribution of points suggests a linear fit (e.g. A=bK p +c) that would be more appropriate than the quadratic, and this has been implemented. When a quadratic form is used in this time sector it results in an unphysical variation with rapidly decreasing absorption above K p =3. Neither the linear nor the squared term dominate to a significant degree in each of the other time ranges, except in the 00:00-03:00 MLT and 12:00-15:00 MLT sectors. At these times it is clear that the relationship is mostly linear with a small nonlinear contribution at high K p . Once again, the fit will be improved when more data at the highest and lowest K p values become available. Testing the relationship in the same manner as for the previous example results in a notably higher correlation between the observed and the calculated data (r=0.51). Also, the standard deviation of the residuals decreases (s.d.0.18 dB).
Restricting the comparisons to the data that contribute to the fit leads to a slight improvement (r=0.54, s.d. ≈0.16 dB). Thus, the logarithmic fit seems to represent the absorption that contributes to the fit almost as well as the quadratic fit, although we can speculate that the quadratic may be closer to the true relationship as it has more success in calculating the CNA beyond the range of fitting. Figure 3 demonstrated that the absorption has a wide distribution in each K p bin, but the occurrence is much higher towards the lower end of the absorption scale. This does not exclude high absorption events by any means, but even with high values of K p there will be many occasions when absorption is low; similar geomagnetic conditions will not necessarily return similar absorption levels. When the nature of auroral absorption is considered this becomes less surprising; radio absorption at high latitudes is principally due to the precipitation of energetic particles (electrons of energy >15 keV), and if no such particle population exists on the appropriate magnetic field lines, then no absorption will be observed. Thus, for periods of high geomagnetic activity in close succession the high-energy particle population may be depleted for a time, leading to a significantly reduced absorption level. Alternatively, a lack of absorption may be a local effect due to an equatorward displacement of the absorption oval as a consequence of an expanded polar cap. In order to make reliable absorption predictions, some term dependent on the recent time history of the magnetic activity must be included in any empirical relationship. This is not included within this paper and instead will be the subject of a future study.
Another important point to note is the variability of absorption on small time scales, especially in the night side ionosphere; using K p (a three hour index) as an indicator of the absorption activity does not truly capture the dynamic nature of auroral absorption. A better index might be AE, which is particularly pertinent to the substorm activity that leads to auroral absorption. Unfortunately, the available AE data covers a smaller time span than the K p , extending from 1997 to 2000 inclusive and these are only quick look data, Table 4 . Coefficients for the linear fit of the solar wind velocity to absorption values in 8 magnetic local times ranges (from Eq. 3).
MLT (hours)
Mean unconfirmed and derived from only 8 of the 12 stations; therefore no fit has been undertaken at this time. Once the data have been confirmed and a longer period is available, AE should prove suitable for attempting a similar process described above for K p .
Solar wind contributions
Tsurutani et al. (2001) noted that long after the passage of interplanetary shocks in two separate events, there was an appreciable aurora at dawn, dusk and midnight, recorded by the Ultra Violet Imager carried by the Polar spacecraft. This was attributed to a viscous interaction between the solar wind and the flanks of the magnetosphere, producing either a Kelvin Helmholtz instability (Rostoker et al., 1992) or cross-field diffusion of magnetosheath plasma via ELF/VLF boundary layer wave interactions (Lakhina et al., 2000; Tsurutani and Lakhina, 1997) . Either way, small changes in the dynamic pressure, brought about through slight variations in the solar wind speed, could result in increased precipitation; this is demonstrated in Fig. 4 , where the increased level of solar wind velocity produces large changes in the mean absorption in the morning and midnight sectors, though the majority of absorption clusters about 0.1 dB. Once again, there is a strong minimum of the mean CNA in the afternoon/evening sector (15:00-21:00 MLT), and it is unaffected by the increasing solar wind velocity. At high V SW the distribution appears to narrow again, but this is an artfact created by low numbers of data points at the greater speeds. Since the solar wind is credited as being the driving force behind geomagnetic activity, it seems reasonable to link the absorption to the energy input from the solar wind. The study by Hargreaves (1966) attempted to estimate the total energy of precipitated particles. This relied on the empirical relationship derived by Hargreaves and Sharp (1965) , linking the absorption to the square root of the total energy of the precipitated electrons, combined with an expression for the solar wind velocity based on K p and A p . Measurements of the solar wind were made by the Mariner 2 space probe to derive this relationship (Snyder et al., 1963) . With the data available from the ACE and WIND spacecraft it is possible to attempt to link auroral absorption directly with the solar wind velocity. By compiling mean and median absorption values from 50 km/s wide bins, a similar method to the previously implemented procedure can be applied to the data. Figure 8 shows the results of the binning with a linear fit to the data of the form:
Values for the coefficients a and b are presented in Table 4 . The data distribution in the pre-noon sector shows some nonlinearity, but this is not repeated to any notable effect in the other local time bins and does not compare with that recorded for the K p bins. The correlation coefficients (r=0.48) suggest a better result than for the original K p fit, and the standard deviation of the residuals (0.19 dB) is comparable with those of the quadratic relationship in K p . When the relationship is computed for only those velocities where more than 50 data points are used to calculate mean and median values, there is no discernable difference in the correlation. The current Eq. (3) will produce unrealistic values for low solar wind velocities (<200 km/s) in most cases; however, in the previous half solar cycle there have been no occurrences of the solar wind dropping below ≈250 km/s. Values of absorption calculated for a solar wind velocity less than 250 km/s should be discounted as extremely unreliable as should values in excess of 800 km/s. It is highly likely that at large velocity, other mechanisms of absorption, such as the sudden commencement absorption (SCA) and sudden impulse absorption (SIA) (Brown et al., 1961; Brown and Driatsky, 1973) , will dominate. By fitting a quadratic equation as with the K p the correlation changes by only a small amount, and similar results are obtained from comparing the logarithm of the speed and the absorption (e.g. r=0.49). Thus, the simple linear fit to the solar wind data seems to be the best that can be achieved but results in a relatively weak correlation. It is believed that the important factor that is necessary to improve upon these results is to combine the effects of the IMF (discussed below) with that of the solar wind and to include some term that takes account the recent time history of the solar wind/IMF. This "priming" factor would be related to the storing of energy in the magnetotail prior to release during substorm onset. Much further work is needed before a reliable prediction model for auroral absorption can be created based on a solar wind parameter, though existing absorption models (e.g. Foppiano and Bradley, 1983; Greenberg and La Belle, 2002) have changed from using a solar cycle related term (usually sunspot number) to a geomagnetic dependent value.
IMF contributions
Another factor is the role played by the IMF. Figure 5 showed that a southward IMF affects the absorption, which is unsurprising given that this has a general effect on the geomagnetic activity. A southward IMF leads to absorption increases in the morning and midnight, sectors whereas it once again remains very low in the evening sector. A westward IMF appears to favour an increase in absorption over midnight and into the morning sector, perhaps due to the skewing of the field lines (Cowley et al., 1991) , leading particles to precipitate at an earlier local time. To determine whether this is significant on a statistical level the data are subjected to the Kolmogorov-Smirnov significance test (Von Mises, 1964) , which tests the hypothesis that two samples are drawn from the same distribution. A significance probability, SP, <0.01 suggests that the samples come from significantly different distributions. For positive B y , north and southward IMF have been compared. The results show a SP <0.01 from 20:00 to 12:00 MLT, suggesting that the data in this band are from very different distributions. Midnight and morning absorption is highly dependent on the IMF, and the low absorption values in the afternoon/evening are not; this reinforces the observations that the minimum does not change with either K p or V SW . Comparing east and west IMF (for southward B z ) we find SP >0.01 for virtually all of the day, such that no significant conclusion can be drawn about the possibil- ity of B y having an effect on the absorption. Discarding the B y parameter as insignificant for these purposes, the zenithal absorption can be binned by B z , in order to further investigate the dependence. Figure 9 shows that when the mean absorption is binned by B z there is a definite effect for negative values, both around midnight and in the morning sector. Once again the field strength does not affect the level of the minimum. In addition a northward IMF does not seem to radically affect the absorption as southward does; the curves for positive B z cluster below a 0.25 dB maximum, with little difference between each range. Those curves for B z <0 display a definite trend with increasingly higher values of absorption for successively negative values of B z . Thus, the absorption distribution is obviously dependent on the Z component of the IMF, just as should be expected, since absorption is substorm dependant. This approach does not account for transient effects in the absorption, such as those reported by Nishino et al. (1999) for a rectified response to north/south turnings in the IMF. That example was related to increases in field-aligned currents close to the open/closed field line boundary, whereas the general increase here is likely related to the occurrence of substorm activity for negative IMF.
An inspection of the IMF B z versus the solar wind speed (data not shown) shows no bias in the data, so high velocities occur for both positive and negative B z . It should be possible to develop a relationship for the dependence of absorption on the IMF that could further be improved by separating the effects of the solar wind speed. This would go a long way to establishing a more accurate model for predicting auroral absorption and will be the subject of a future study.
The diurnal minimum
A recurring and intriguing phenomenon in the statistical auroral absorption is the presence of the diurnal minimum. Figure 2 demonstrated the large decrease in absorption at around 18:00 MLT. Similarly, when the data are binned by K p the minimum is recurring, always reaching down to ∼0.15 dB. In fact, this occurs for every level of solar wind speed (e.g. Fig. 4 ) and also the for IMF (Fig. 5) . There is no significant difference between the distributions at the minimum when comparing north and south-directed IMF; quite obviously, the minimum is unaffected by geomagnetic, solar wind or IMF activity. The exact mechanics behind the diurnal minimum are beyond the scope of this study; suffice to say that the minimum is a recurring statistical phenomenon that is likely related to a combination of the loss of drifting electrons (through earlier precipitation and radial diffusion) and the remaining population becoming stably trapped in the magnetosphere. For this study it is only necessary to acknowledge the existence of the minimum as a limiting case on the local time dependence of the relationship between absorption and K p and the solar wind velocity.
Conclusions
Data have been combined from 7 years of continuous observations of the auroral absorption from a single imaging riometer (IRIS) using the narrow zenithal beam to investigate the dependence of absorption on geomagnetic and solar wind parameters. 1995 to 2001 covers the ascending phase of solar cycle 23. The narrow beam offers a better estimate of the height-integrated absorption over broad beam riometer observations, since it integrates over a smaller portion of the sky. Through the sorting of absorption into bins of corresponding K p a quadratic empirical relationship between the two parameters is derived and provides a better correlation of calculated and observed absorption than the linear fit based on the logarithm of the absorption. The local time dependence of absorption is so clear that the possibility that different types of fits to the data in each MLT bracket should not be discounted. Any future investigation of this nature should take this into account.
For the first time a linear relationship between the solar wind velocity and the auroral absorption has been derived. This is based upon direct solar wind observations rather than estimates based on the K p index. Combining the observations results in a reasonable correlation; however, it is clear that some other factor must play a role in the relationship. It appears that a southward-orientated IMF plays a significant role in precipitation in the auroral zone, but the eastward component does not have a statistical effect on the mean absorption. Deriving a relationship between B z and absorption after the effects of the solar wind speed have been removed will be the focus of a future study.
The afternoon/evening minimum in the diurnal variation of absorption appears to be a strongly consistent phenomenon. Absorption virtually disappears around 18:00 MLT regardless of the geomagnetic, solar wind or IMF activity. This is likely related to the loss of the bulk of drifting particles. The remaining flux of electrons is probably lower than the critical flux necessary for whistler-mode instability that drives enhanced precipitation in the dayside magnetosphere (Kennel and Petschek, 1966; Coroniti and Kennel, 1970) . The mechanisms of this effect are beyond the scope of the current study, and for the purposes of prediction it is only necessary to acknowledge the fact that the minimum occurs.
Although apparently reasonable fits to the mean and median absorption can be found for both K p and the solar wind speed, the variability of the absorption still leads to problems. Low absorption is still likely even when geophysical activity is high, since absorption is highly dependent on the population of energetic particles in the magnetosphere; without fluxes of electrons (energies >15 keV) no appreciable absorption is possible. Thus current, global models of absorption based on only K p values are somewhat unreliable. Methods to improve such a model must take into account past levels of geomagnetic activity, absorption and some other measure of the energy stored in the magnetotail (e.g. B z ). A detailed study of how absorption responds during geomagnetic storms would be especially useful, linking the observations to past levels of activity, as indicated not only by K p and D st but also by the IMF and solar wind speed. If this is done then with the large array of riometers available in both hemispheres and the catalogue of data, a suitable global empirical prediction model could be defined.
